ABSTRACT: Taxon-specific growth and sedimentation rates of dommant phytoplankton were measured during 2 cruses (summer 1990 and spring 1991) in the northern Gulf of Mexico as part of the NOAA Nutrient-Enhanced Coastal Ocean Productivity (NECOP) program. Microzooplankton grazing rates also were measured during the summer cruise. During each of the cruises, a series of stations from the Mississippi River mouth to the hypoxia region (located ca 50 to 100 km west) were sampled to examme variability of growth and loss processes along a strong environmental gradient. Significant taxa-and group-specific differences were noted for both growth and loss rates Growth rates ranged from <0.1 to 3.0 d-I with highest rates in the plume region during the summer cruise, where surface rates were close to or exceeded previous urnax values for several taxa. For all taxa, growth rates were lower in the hypoxia region (mean = 0.5 d l ) than in the plume region (mean = 1.1 d l ) ; soluble nitrogen concentrations explained over 50 % of the variability in growth rates. Diatom growth rates were similar to non-diatoms in the plume region, but were significantly lower in the hypoxia region, which suggests that silica limitation may exist in this region. The fate of phytoplankton appeared to be controlled by size and by the degree of silicification. Significant mcrozooplankton grazing loss rates were noted only for small taxa (<20 pm). For microflagellates, microzooplankton grazing rates averaged 82 % (range 42 to 214 %) of the growth rate; sedimentation rates were always < I % of the growth rate. Sedimentation was an important loss for several diatoms, with significant taxon-specific and seasonal differences noted. Large colonial diatoms, such as Skeletonema costatum and Thalassiosira rotula, exhibited the highest sedimentation rates in the plume region dunng the spring cruise(0.2 to 1.0 d l ) , whereas the lowest rates (<0.01 d l ) were noted for Rhizosolenia fragilissirna and Ceratulinapelagica in the hypoxia region dunng the summer cruise. Our results suggest that in the northern Gulf of Mexico, phytoplankton rate processes proceed very rapidly, with growth rates primarily controlled by the supply of nitrogen via the Mississippi River and the fate controlled primarily by size and density (silicification).
INTRODUCTION
Phytoplankton abundance is controlled by a combination of growth and loss processes, and a large amount of information exists on the abundance and distribution 'Present address: Dept of Biology, San Francisco State University, San Francisco, California 94132, USA of phytoplankton taxa in a variety of freshwater and marine systems (for reviews see Guillard & Kilham 1977 , Raymont 1980 , Smayda 1980 . However, very few measurements have been made of species growth and loss processes (Knoechel & Kaiff 1978 , Crumpton & Wetzel 1982 , Landry et al. 1984 , Campbell & Carpenter 1986 ). Phytoplankton growth and loss processes are usually measured at the community level using bulk techniques, such as chlorophyll or carbon analysis, which provide no taxonomic resolution. While this community information is useful for examining general patterns and trends, it often lacks the discrimination needed to elucidate the factors controlling phytoplankton population dynamics. Even though little information exists at the species level, phytoplankton ecologists generally recognize the importance of species processes and composition in determining seasonal succession and even ecosystem structure and function (Crumpton & Wetzel 1982 , Wood & Leatham 1992 . Recently, Carpenter et al. (1993) , m a review of species dynamics and their relationship to global environmental change, concluded that individual species have substantial effects on ecosystem processes and serve as optimal indicators of impending ecosystem change. The lack of information at the species level for phytoplankton is primarily due to logistical barriers associated with the measurements (Crumpton & Wetzel1982) .
Despite the limited information on species-or taxonspecific rates for phytoplankton, particularly for nanoplankton-sized organisms, the existing data have provided insights into the relative importance of growth and loss processes in seasonal succession of phytoplankton populations. In a rare study where growth and loss processes were measured for individual taxa during summer stratification in a small lake, Crumpton & Wetzel (1982) concluded that loss processes, such as sedimentation and zooplankton grazing, were more important than interspecific competition and growth rate differentials in actually controlling the seasonal succession of phytoplankton. Similar conclusions were reached by 2 earlier studies in which species-specific rates of production and growth were measured and loss rates were calculated (Knoechel & Kalff 1975 . Taken together, the results from these studies contradicted the arguments that (1) phytoplankton population dynamics and community structure were controlled by interspecific competition and growth differentials, and (2) that mortality by sedimentation and grazing were generally insignificant (Crumpton & Wetzel 1982) . In a review of phytoplankton dynamics in lakes, suggested that more emphasis should be placed on loss processes. In the marine environment, however, very little information exists on the importance of taxon-specific growth and loss processes for nanoplanktonic-sized organisms.
The outfall region of the Mississippi River is a particularly good region to examine taxon-specific processes due to the large environmental variability found in this region and the strong river signal. The Mississippi River is the sixth largest river system in the world; its tributaries drain approximately 40 % of the continental United States (Moody 1967) . Anthropogenic nutrients from the Mississippi River likely enhance primary productivity and other processes in the northern Gulf of Mexico (Riley 1937 , Thomas & Simmons 1960 , Sklar & Turner 1981 , Lohrenz et al. 1990 , Turner & Rabalais 1991 . It was because of this concern that the NOAA Nutrient-Enhanced Coastal Ocean Productivity (NE-COP) program was initiated to quantitatively determine the impact of Mississippi River nutrient loading on primary productivity and fate of fixed carbon in the northern Gulf of Mexico. Our goals were to examine taxon-specific processes for dominant phytoplankton and to determine both the extent of nutrient controls and the fate of phytoplankton.
METHODS
Sampling was conducted on 2 cruises aboard the RV Baldridge', 1 during summer (July/August 1990) and 1 during spring (March 1991). On the summer cruise, 3 stations were sampled on a transect from the river mouth at Southwest Pass to the inner part of the hypoxia region (Fig. 1) . The first 2 stations (Stns 1 and 2), which will be referred to as plume stations, were sampled on July 22 and July 25; the third station (Stn 3), which will be referred to as a hypoxia station, was sampled on August 2-3. On the spring cruise, 4 stations were sampled. Two of these stations, sampled on March 6 and 8, were located in the plume region (Fig. 1 , Stns 5 and 6) and one station, sampled on March 12, was located in the hypoxia region (Stn 7). One additional station was sampled east of the Mississippi River Delta on March 5 (Stn 4). All water samples were collected early in the morning, generally before dawn, with modified acid-washed Niskin bottles. In order to avoid chemical contamination, all rubber parts of the Niskin bottle (0-rings, closure tubing, etc.) were replaced with silicone parts. Collected water was immediately transferred to 20 1 polyethylene carboys for sample processing.
A Sea-Cat CTD with transmissometer and PAR sensor was used to measure vertical profiles of temperature, conductivity, PAR, and percent light transmission. Inorganic carbon concentrations were determined by infrared absorption spectroscopy.
The I4C technique was used for estimating carbon uptake. Briefly, 1 1 polycarbonate bottles were gently filled with raw water, inoculated with NaHi4CO3, and incubated in a deck-simulated in situ incubator (Lohrenz et al. 1992) . The light levels in the incubators (50, 25, 12, 6, 3 or I % of surface irradiance) were arranged to correspond to in situ irradiances at the sampling depths. Incubations were initiated and terminated at dawn (24 h incubation). Following incubation, aliquots from the sample bottles were preserved with Lugol's solution, immediately filtered onto 1.22 Millipore filters, and transferred onto gelatin-coated shdes. These gelatin-coated slides were then frozen for track autoradiographic analysis.
Track autoradiography was used to estimate the specific activity (dpm cell1) of individual cells (Carney & Fahnenstiel 1987) . Gelatin-coated slides were dipped in filtered subbing solution (Knoechel & Kalff 1976) and then dipped in NTB-3 photographic emulsion at 29OC. Slides were allowed to dry and then were developed as described in Carney & Fahnenstiel (1987) . Tracks per cell were enumerated and activity (dpm cell-') was calculated (Knoechel & Kalff 1976) . A minimum of 100 cells were enumerated for most taxa at each depth; we therefore confined our cell-specific activity to only the most abundant taxa on each sampling date. For each sample, the taxa analyzed for autoradiography represented 60 to 90 % of total phytoplankton based on counts of the autoradiography slides. Because some delicate taxa (i.e. flagellates) and picoplankton were likely missed and/or damaged beyond recognition with our autoradiography procedures and because large rare species (i.e large dinoflagellates) were not counted, we cannot assume that our counts are representative of the entire phytoplankton community. Also, because we analyzed only a part of the entire phytoplankton community, our taxon-specific rates cannot be used to calculate meaningful community rates.
We estimated taxon-specific growth rates from I4C-autoradiography experiments by making simple assumptions about cell growth. Because we did not actually measure growth or division, and because our model assumes carbon uptake and division are continuous, our C -b a s e d growth estimates should be regarded as first-order estimates of actual phytoplankton growth. The approach we used has been described in various ways throughout the literature (e.g. Welschmeyer & Lorenzen 1984 , Li 1984 , and Li & Goldman 1986 ). Let C* be the specific activity of cellular "C (dpm cell-'), U be the uptake rate of C (C cell-' d-'), t be the time (d), p be growth rate (d-I), and a be the isotope discrimination factor; then the instantaneous time rate of change of cellular ^C is Note that when growth is referenced to a cellular framework, it represents a loss term reflecting the transfer of carbon due to cell division. At time t = 0, the initial value of C* is 0. The solution of Eq. (1) is Eq. (2) is further simplified by recognizing that where Casy is the asymptotic activity of C*; moreover where Cm is the specific activity of the inorganic medium, which for all practical purposes remains approximately constant throughout the experiment, and C. is the cell carbon content. Thus C* can be related to p at any time t by parameters that can be directly measured (C*, t, and Cm) or approximated through volume-based estimates of cell carbon (C,).
Finally, the growth rate pis calculated from Eq. (5) and where At is the incubation time interval corresponding to C*. All of the '*C growth rates reported herein were calculated according to Eq. (6). Depth-specific growth rates were integrated throughout the upper water using a modified version of the model described by Fahnenstiel et al. (1988) by prescribing light variations from incident and underwater irradiance to growth rate versus depth profiles. The highest growth rate (at 50 or 25 % I,,) was assumed to be the light-saturated rate and growth rates were extrapolated to zero at zero irradiance.
The dilution method also provided another independent estimate of phytoplankton growth as well as an estimate of the grazing loss rate by the microzooplankton community (Landry & Hassett 1982) . In these experiments, microzooplankton abundances were manipulated through a series of dilutions with filtered seawater, and changes in abundances of phytoplankton populations were noted. These bottle dilutions were performed by mixing appropriate volumes of screened seawater (<200 pm) with filtered seawater (Whatman GF/F filtered water) in 2 1 polycarbonate bottles. Five treatments were used for each experiment, 100 % screened water (SW), 86 % SW, 64 % SW, 42 % SW, and 21 % SW. Near-surface water (0 to 1 m) was used for all dilution experiments. Bottles were incubated for 24 h in a temperature-controlled deck incubator. Because increasing bottle dilution alleviates grazing pressure, the slope of phytoplankton growth rate (dependent variable) versus dilution treatments (independent vanable) is an estimate of the microzooplankton grazing loss rate; the intercept is an estimate of the phytoplankton growth rate. Complete dilution experiments were performed only on the summer 1990 cruise either simultaneously with 14C experiments (July 25) or 1 d later (August 3). During the spring 1991 cruise, dilution treatments of 5% raw water were used to estimate phytoplankton growth rates on the same day as the 14C experiments.
Phytoplankton sedimentation rates were determined from enumeration of a preserved phytoplankton sample collected from a free-floating Multitrap design sediment trap (Knauer et al. 1979 (Knauer et al. , 1990 . These traps were deployed in the plume region for 2 d at 15 m on In all cases, phytoplankton samples from dilution experiments and sediment trap deployments were preserved with Lugol's solution. These samples were then stored in amber vials until phytoplankton preparations were made. These phytoplankton samples were then filtered onto slides and cleared (Dozier & Richerson 1975) . Dominant taxa, the same ones as for autoradiography experiments, were enumerated under low magnification (200 to 3 0 0~) and high magnification (600 to 1 2 0 0~) .
For dilution experiments, the volume filtered ranged from 2 to 60 ml depending on the concentration of phytoplankton. Phytoplankton volumes were estimated by determining the average cell dimensions from a minimum of 50 randomly chosen individuals of each taxon from each sampling date. The average dimensions were then applied to the geometric configuration which best approximated the shape of the taxon (e.g. spheres, prolate spheroids). These cell volumes were then converted to carbon concentrations using the conversions of Strathman (1967) and Verity et al. (1992) .
RESULTS

Ambient conditions
During both the summer and spring cruises, environmental conditions in the study region suggest that we sampled along the plume/shelf gradient (Fig. 1) . During the summer 1990 cruise, the surface mixed layer was relatively shallow (<4 m) at Stns 1 and 2. Surface salinity, nitrate, silicate, and temperature values were approximately 15 to 18 ppt, >25 p m o l l l , >15 m o l I-', and 29 to 30Â°C respectively. Conversely, Stn 3 was located in the hypoxia region of the inner shelf where environmental conditions were markedly different from those reported for Stns 1 and 2. The surface mixed layer was approximately 5 m; salinity, nitrate, silicate and temperature values were 26 ppt, 2 pmol 1-l, 0.4 pmol and 31Â°C respectively. Similar plume/hypoxia stations were sampled in the spring 1991 cruise along with an additional station east of the Mississippi River Delta (Stn 4). Conditions at this station were somewhat intermediate of those of the other plume (Stns 5 and 6) and hypoxia stations (Stn 7). The surface mixed layer extended to approximately 13 m; surface salinity, nitrate, silicate, and temperature values were approximately 30 ppt, 5 pmol I-', 2 pmol 1 , and 16OC, respectively. Stns 5 and 6 were located in the plume region and exhibited relatively similar salinity, nitrate, and temperature values, 21 to 25 ppt, > 9 pmol 1 and 17OC, respectively. The surface mixed layer at these 2 plume stations was approximately 6 to 10 m. Silicate values at these 2 stations were different with higher values at Stn 5 (4 pmol 1 ' ) and barely detectable values at Stn 6 (<0.4 pmol 1"'). At the hypoxia station (Stn 7) salinity values in the surface mixed layer, which extended to approximately 20 to 25 m, were higher (35 ppt); all nutrient values were at or below the detection level (0.4 p m o l l l ) .
Growth rates
"C-based growth rates were determined for 17 different taxa with diatoms representing over half of these; the other taxa were flagellated forms representing a variety of groups (i.e. Cryptophytes, Dinophytes, Haptophytes, etc.; Table 1 ). Because these C -g r o w t h rates are not actual measurements of growth, we compared our estimates to those from dilution experiments which are based on actual changes in abundance and are useful for evaluating the accuracy of 14C-based estimates. It should be noted that dilution estimates are also subject to possible artifacts and are not estimates of actual cellular division. Overall, 14C-based growth rate estimates were not significantly different from dilution estimates ( Fig. 2 ; paired t-test, t = 0.15, p = 0.88, n = 37); however, differences were noted for taxonomic groups. For diatoms, dilution growth rates (mean = 0.8 d l ) were significantly higher than I4C-based rates (mean = 0.6 d l ) paired t-test, t = 2.6, p = 0.02, n =18). For non-diatoms (flagellated cells), 14C-based estimates (mean = 1.0 d-l) were slightly higher than dilution rates (mean = 0.8 d l ) , but these differences were not significant (paired t-test, t = 1.9, p = 0.07, n = 19). Despite the differences between techniques for diatoms, we will consider 14C estimates to be accurate, because the differences between techniques (20 to 25 %) are small relative to the range of values observed, 0.1 to 3.0 d-I. In almost all cases, maximal growth rates were found for near-surface samples, and rates decreased with depth (Fig. 3) . In the plume region, growth rates at mid-depths (3 to 4 m, approximately 12% of surface irradiance) were 75% of surface (0.5 to 1 m) rates, while growth rates near the bottom of the euphotic zone (7 m, approximately 3 % of surface irradiance) averaged 22 % of surface values. In the hypoxia region, growth rates at mid-depths (3 to 10 m, ca 12% of surface irradiance) were 77 % of surface (1 m) values, and rates near the bottom of the euphotic zone (5 to 18 m, ca 3% of surface irradiance) averaged 9% of surface values.
Near-surface growth rates ranged from 0.1 to 3.0 d-I with highest values found in the plume region (Table 2) . For all species, growth rates from the plume region (mean = 1.1 d l ) were significantly higher than rates from the hypoxia region (mean = 0.5 d l , t-test, t = 2.9, p < 0.01). Although non-diatom growth rates appeared to be higher than diatom growth rates, the means were not significantly different (mean diatom = 0.7 d-I, mean non-diatom = 1.0 d-l, t-test, t = 1.7, p = 0.09). In the plume region, diatom and non-diatom growth rates were very similar (mean diatom = 0.9 d-l, mean non-diatom = 1.2 d-I, t = 0.9, p = 0.37); however, in the hypoxia region, diatom growth rates were significantly lower than non-diatom rates (mean diatom = 0.3 d-', mean non-diatom = 0.7 d-l, t = 3.6, p < 0.01).
Despite limited data, we examined the relationships between several environmental variables, soluble nitrogen (nitrate+nitrite+ammoniurn), silicate, temperature, and salinity, and growth rates of both diatoms and non-diatoms. Significant relationships between all examined environmental variables and growth rates were noted (p < 0.01). The best relationships, in terms of explaining the most variability in growth rates, were found for nitrogen, silicate, and salinity (p c 0.001). Overall, significant relationships were noted between nitrogen concentration and growth rate (y = 0 . 0 4 2~ + 0.311, R2 = 0.59, p < 0.001, n = 43) and between silicate concentration and growth rate (y = 0 . 0 6 8~ + 0.49, R2 = 0.54, p < 0.001, n = 43). Interestingly, a very significant relationship was also noted for salinity and growth rate (y = -0 . 0 6 2~ + 2.35, R2 = 0.40, p < 0.001, n = 43).
When the same relationships were examined for both diatoms and non-diatoms individually, better relation-ships (in terms of explaining the variability in growth rate) were found for non-diatoms than for diatoms for all independent variables including silicate.
Loss rates (a) Skeletonema costaturn (b) Rhodomonas lacusir~s
Growth Rate (d-') Growth Rate (d-I) Grazing by microzooplankton (< 200 urn) was an important loss for phytoplankton populations in the near surface region during the July/August 1990 cruise (Table 2) . Unfortunately, samples from mcrozooplankton grazing experiments were not collected or analyzed from the March 1991 cruise. In the summer, Loss rates for non-diatoms were significantly higher than for diatoms (mean diatom = 0.4 d l , mean nondiatom = 1.0 d-I, t = 2.6, p = 0.03, n = 14). These differences were probably related more to size than to taxonomic affinity. All microzooplankton grazing loss rates for large (>20 pm) or filamentous forms, which were all diatoms (i.e. Skeletonema costatum, Nitzschia pungens, Ceratulina pelagica), were never significantly different from zero (p > 0.05). With 1 exception, all microzooplankton grazing losses were significantly different from zero for all small taxa (<20 pm); the mean grazing loss rate was 1.0 d-'. Microzooplankton grazing loss rates were also relatively high when compared to growth rates ( Fig. 4; linear regression, g = 1.0 mz + 0.5, where g = growth rate and mz = microzooplankton grazing rate, R2 = 0.51, p = 0.004, n = 14), suggesting that rnicrozooplankton grazing was one of the more important losses for phytoplankton during the summer. For small taxa (<20 pm) rnicrozooplankton grazing loss rates averaged 1.0 d l , whereas growth rates averaged 1.4 d l .
Unlike microzooplankton grazing loss rates which were measured in the upper 1 m of the water column, sedimentation loss rates were an integrative measure over the upper 15 or 20 m. Sedimentation loss rates ranged from <0.0001 to 1.0 d-I (Table 2) . Sedimentation loss was primarily associated with diatoms ( Fig. 5 ; mean rate = 0.25 d-I). The highest sedimentation rates were observed for the largest colonial diatoms (i.e. Thalassiosira rotula, Skeletonema costatum). The very low rates on centric diatoms (Cyclotella spp.). Diatom sedimentation rates from the spring cruise were significantly higher (ca 6x) than rates from the summer cruise ( Fig. 5 ; t = 2.6, p < 0.05). From the spring cruise diatom sedimentation rates were approximately 2x integrated growth rates, whereas during the summer cruise diatom sedimentation rates were only 20% of integrated growth rates (Fig. 5) . Similar patterns were noted for sinking rates of diatoms; high sinking rates were found for S. costatum (4 to 13 m d l ) and T. rotula (>20 m d ' ) and much lower rates for C. pelagica, R. fragilissima (<0.1 m d l ) , and small centrics (0.2 to 1.5 m d-I). Sedimentation was not an important process for nondiatoms; the highest rate was 0.01 d l , and the mean rate was only 0.001 d-' (Table 2 ). Integrated growth rates for the same non-diatoms averaged 0.34 d l . All sinking rates for non-diatoms were <0.3 m d l .
DISCUSSION
The growth rates measured in the plume region of the Mississippi River are some of the highest reported for marine phytoplankton (see review in Furnas 1990 ). Despite limited comparative data, particularly for microflagellates, several of our taxon-specific growth rates (Table 2) are close to or exceed the highest reported in situ rate and/or the maximal reported rate (pmax) under optimal culture conditions. For example, Katodinium rotundatum, a small dinoflagellate, has a pmax of 1.5 d-I at 20Â° (Throndsen 1976 ) and a maximal reported field growth rate of 1.0 d (Owens et al. 1977) . Our growth rate for K. rotundatum of 2.4 d in the surface waters on July 25 is higher than both previous values (Table 2 ). The small microflagellate Ochromonas minima had a maximal in situ growth rateof 1.8 d ' in the plume region on July 22. This measured rate is higher than the previous pmax of 1.2 d-' for this species which was reported at 25 to 28OC (Throndsen 1976) . These very high rates were not limited to microflagellates, but were also noted for diatoms. S. costatum has a carbon-specific pmax of approximately 2.5 d-I (Furnas 1982 , Langdon 1988 . In this study the highest growth rate for Skeletonema costatum was 2.0 d (Table 2) . Although we do not have comparative data, the small centric diatom Cyclotella caspia exhibited a growth rate of 2.9 d-' (Table 2 ).
In a recent review of in situ growth rates, Furnas (1990) noted a dichotomy between diatom and nondiatom growth rates. While his review was primarily limited to readily identifiable and preserved species, Furnas noted that diatoms had higher mean and maximal in situ growth rates than non-diatoms; maximal rates for non-diatoms were approximately 2.1 d l . An examination of pmax from laboratory cultures supported the same pattern.
Our work does not support this dichotomy in growth rates, particularly when microflagellates are considered. In fact, microflagellate growth rates (mean = 1.2 d l ) were slightly higher than diatom growth rates (mean = 0.9 d ' ) in the plume region, although these differences were not significant (p = 0.09). In the hypoxia region, diatom growth rates were significantly lower than rates for microflagellates (p < 0.01), most likely due to the limited availability of silicon (see discussion below). Also, the highest growth rate found in this study was 3.0 d 1 for the small cryptophyte, Rhodomonas lacustris. It is unlikely that diatoms would consistently have higher in situ growth rates and pmax values than all other taxa regardless of the resource scenario. Differences in pmax have obvious importance in the outcome of resource competition (Sell et al. 1984) . It is difficult for us to believe that diatoms would always possess higher values. Moreover, the pattern noted by Furnas (1990) is not supported by studies on freshwater algae. In a review of maximal laboratory growth rates from freshwater phytoplankton, the average diatom rate (1.1 d l ) was less than the average for non-diatoms (1 .2 d l ) ; the 6 highest rates were for nondiatoms (Reynolds 1984) .
The dichotomy in pmax and in situ rates for diatoms and non-diatoms noted by Furnas (1990) possibly resulted from limited data and methodological considerations. The laboratory data on pmax for microflagellates reviewed by Furnas was limited to 5 studies with 50 % of the data from 1 study. Culture conditions strongly influence pmax. and more laboratory work is needed to establish pmax for microflagellates under a variety of growth conditions. Also, most in situ growth rates were measured with diffusion chambers, which may bias growth estimates for microflagellates. In this technique phytoplankton assemblages are enclosed in diffusion chambers for several days (usually 2 to 3 d), after which growth rates are estimated by changes in abundance. Several aspects of this technique may be detrimental to the growth of microflagellates, including prefiltration of the inocula and long duration of the experiment. Microflagellates can be damaged during pre-filtration (Bloem & Gilissen 1985 , Goldman & Dennett 1986 ) and they also are sensitive to containment (Venrick et al. 1975 , Fahnenstiel & Scavia 1987 . We believe that future work in marine environments using a variety of techniques will not find a consistent dichotomy in growth rates. This premise is supported by recent work with a group-specific pigment labeling technique. Gieskes & Kraay (1989) measured growth rates of diatoms, Prymnesiophyceae (flagellates) and Cyanobacteria in the Banda and Arafura Seas. They found that the range in growth rates of the 3 groups was relatively similar. Regional difference were noted in the maximal growth rates of all groups and no group consistently exhibited the highest growth rates.
Our high growth rates for microflagellates are further supported by the good agreement between "C and dilution estimates of growth (p > 0.05). Both techniques provided very high rates (>2 d ) for several microflagellates (Table 2) . Rarely in the past have species-specific growth rates been measured with 2 independent techniques (Furnas 1990 ). Because neither technique actually measures the intrinsic growth or cell division rate, this type of collaboration is needed and should be more common in future studies. It is clear that either technique can provide highly variable estimates of growth for a taxa on a given date (Table 2) . Overall, dilution growth rates were significantly higher than ^C-based estimates for diatoms (p = 0.02). Although these rates were statistically significant, dilution growth rates were on average only 25% higher than 14C estimates. Because significant differences were noted only for diatoms, they may be related to our cellular carbon estimates and their associated inaccuracies (Sicko-Goad et al. 1983) .
Environmental conditions in the plume waters of the Mississippi River are favorable for growth of many species of phytoplankton. During the summer, nitrate concentrations ranged from 25 to 100 pmol I"', and temperatures were approximately 30Â°C Given saturating light levels (25 to 50% of Io) of a near-surface incubation, it is not surprising that many taxa were growing at or near pmax. Because of limited data on in situ growth rates for many of the taxa reported in this investigation, the high growth rates from the plume region may be useful for assessing relative growth rates in other environments and for determining the role of environmental factors in controlling growth rates.
The concentration of available nutrients plays an important role in controlling in situ growth rates in the study region. Over 50% of the variability in growth rates can be attributed to soluble nitrogen concentration alone. The Mississippi River is likely to be the source of nutrients to our entire study region; very high concentrations of all major dissolved nutrients are found at the mouth of the Mississippi River. Thus, nutrient concentrations in this region probably reflect supply rates. The strong nutrient control is not necessarily related to biological or chemical processes, but most likely to physical processes. The importance of physical mixing and dilution of the Mississippi River water as it moves onto the shelf can be demonstrated by the strong relationship between salinity and growth rate; over 40 % of the variability in growth rates can be explained by salinity.
Silicon may be an important limiting nutrient in the northern Gulf of Mexico (Dortch & Whitledge 1992) and other eutrophied regions (Conley et al. 1993 ). In the plume region of the Mississippi River, Dortch & Whitledge (1992) concluded that silicon could limit phytoplankton production, based on an analysis of dissolved nutrient concentrations and an indicator of nitrogen deficiency. Silicon limitation in this region could have important implications for changes in phytoplankton species composition, fate of carbon, and intensity of hypoxia events. Our growth rates can be used to assess the degree of silicon limitation in the study region. Clearly, neither silicon nor any other nutrient was severely limiting growth in the surface waters at our plume stations, where diatom growth rates were high and comparable to microflagellate rates. In the hypoxia region where silicon limitation is most likely, diatom growth rates were significantly lower than non-diatom rates (p < 0.01). Thus, it is likely that silicon was limiting to diatom growth in this region. Further evidence for silicon limitation can be found in the dissolved nutrient concentrations and ratios at stations in the hypoxia region. Si:N ratios of <1 have been used to indicate possible Si limitation (Dortch & Whitledge 1992) . In the surface waters of the hypoxia region, silicon concentration were at or below detection level, and Si: N ratios were less than or equal to 1. This information, combined with our growth rate data, suggests that silicon was limiting to diatom growth in the hypoxia region.
Because diatom composition also changed from the plume to the hypoxia region, our growth rate data do not provide unequivocal support for the role of silicon. When evaluating the effects of nutrient supply and limitation on phytoplankton populations, changes in relative, not absolute, growth rates should be used. Any changes in species composition which might have produced differences in pmax would complicate our interpretation; nutrient-based competition outcomes are very sensitive to slight differences in pmax values (Sell et al. 1984) .
One major objective of the NECOP program was to determine the fate of phytoplankton in the outfall region of the Mississippi River. Our data suggest that the fate of phytoplankton appeared to be primarily controlled by size and degree of silicification. For all small single cells (<20 pm) microzooplankton grazing was an important loss, particularly for microflagellates, where microzooplankton grazing rates ranged from 40 to 214 % of the growth rate with a mean of 82 %. For these same microflagellates, sedimentation rates were always <1% of the growth rate; only in 33% of the cases were significant sedimentation rates measured. This relatively tight coupling between growth of microflagellates and grazing by microzooplankton suggests a very active microbial food web in both regions of the study, plume and hypoxia, similar to those reported elsewhere (Fenchel 1988 , Hagstrom et al. 1988 . Microzooplankton grazing was also important for small centric diatoms of the genus CycloteIIa; however, unlike for small flagellates, significant sedimentation losses were also noted for these cells (Table 2) .
Sedimentation was an important loss for many diatom species, and significant taxon-specific differences were noted. The larger colonial diatoms, such as Skeletonema costatum and Thalassiosira rotula, exhibited the highest sedimentation loss rates (0.2 to 1.0 d l ) , whereas large, lightly silicrfied diatoms, such as Rhizosolenia fragdissima and Ceratulina pelagica, exhibited the lowest rates (<0.01 d l ) . Significant taxon-specific differences were noted at all sampling locations; these differences were not easily attributed to factors such as physiological condition, density, size, life history, or shape (Smayda 1970 , Walsby & Reynolds 1981 , Waite et al. 1992 ) due to our limited data and the integrative nature of the individual taxa. The taxaspecific sedimentation rates integrate many general (i.e. density, size, etc.) and specific (i.e. life history) factors; therefore, it is difficult to attribute differences in sedimentation loss rates to any one factor. For example, despite a limited range in growth rates during the spring cruise, sedimentation loss varied by a factor of 10, suggesting that physiological control was not a predominant factor (Fig. 5) . However, for almost all taxa, spring sedimentation rates were much higher and growth rates lower than summer values which suggests a possible link between growth rate and sedimentation loss rate.
The results from our study further highlight the importance of loss processes in controlling phytoplankton population abundance and seasonal succession in the northern Gulf of Mexico. Although signifi-cant differences were noted both within a n d among groups in terms of growth rates, larger and more distinct differences were noted for loss rates. These differences were not always easily predicted and strongly suggest that any future study on seasonal succession or factors controlling phytoplankton dynamics in the Gulf of Mexico should measure loss processes. The importance of loss processes in controlling phytoplankton population dynamics a n d seasonal succession have been noted from several studies in freshwater lakes which used similar taxon-specific measurements (Knoechel & Kalff 1975 , Crumpton & Wetzel 1982 .
Because our study is relatively unique, with measurements of both taxon-specific growth and loss rates for nano-and net phytoplankton, our data can provide some insights into the use of techniques that measure group-specific or ataxonomic rates just above the species level but below the community level (Gieskes & Kraay 1989, McManus & Ederington-Cantrell1992, Goericke & Welschmeyer 1993). For example, high performance Liquid chromatography (HPLC) has been combined with radiolabeling techniques to determine the production and growth rates of specific groups such as diatoms, dinoflagellates, etc. by examining the specific activity in diagnostic pigments (Gieskes & Kraay 1989) . Pigments also have been measured in dilution experiments to provide group-specific determinations of growth and microzooplankton grazing loss rates (Strom & Welschmeyer 1991 . As pointed out by Furnas (1990) and Millie et al. (1993) these techniques have tremendous potential to both measure a n d provide insights into group-specific processes such as the importance of silicon to diatoms. However, these group-specific measurements will miss important taxon-specific differences that occur within each group a n d will provide only limited information about the group. Group-specific measurements, such as the labeling of I4C into fucoxanthin, provides a weighted estimate of diatom growth rate which is a product of all the individual species growth rates and biomass. Without more information on the variance or distribution of the individual growth rates, the weighted estimate has limited value. As demonstrated by our study, species or taxon differences a r e significant and important to understanding successional patterns among phytoplankton. For example, growth rates for the 4 most abundant diatoms from the same plume sample varied from 0.1 to 1.0 d l . Similar differences for both growth a n d loss rates for other closely related taxa (diatoms and flagellates) can b e found i n Table 2 . Thus, without more information than a weighted estimate, one cannot assume that all taxa within a group have similar rates or that this weighted rate is representative of the most abundant taxon.
